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Abstract

We reporta studyto determinethe impactof four typesof
disturbance®on the failure intensityof a softwae product
undegoing systemtest. Hardware failures, discovery of
a critical fault, attrition in the testteam, are examplesof
disturbanceghat will likely affect the corvergenceof the
failure intensityto its desiledvalue Sud disturbancesre
modeledasimpulse pulse step,andwhitenoise Our study
examined,in quantitativeterms,the impactof sud distur
banceson the convergencebehavior of the failure inten-
sity. Resultsrom this studyreveal that the behaviorof the
state model, proposedelsavhere, is consistentwith what
onemightpredict. Themodelis usefulin that it provides
a quantitativemeasue of the delayonecan expectwhena
disturbanceoccurs.

1 Intr oduction

The systemtest phaseof the softwarelife cycle is sub-
ject to varioustypesof disturbancesboth unforeseerand
known a priori. Whena disturbanceoccursduringthe test
phasejt may causea delayin therealizationof the objec-
tives. In the studyreportedhere thefailureintensityof the
software productundertestis of interestto us. Thuswe
wantto understandandpredict,how will the corvergence
of failureintensityto its desiredvaluebe affecteddueto a
disturbance This studyis basedentirely on a modelof the
softwaretestprocesproposectisavhere[1].
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1.1 Systemtest, reliability growth, and the prob-
lem of interest

The systemtest phase(STP) in a software life cycle is
intendedto test a software systemfor conformancewith
both functionaland non-functionalrequirements Accord-
ing to Donnely et al. “Systemtestand eld trial acti-
ities certify that the software requirementsf the product
aremetandthatthe productis readyfor generaluseby the
customef[2]. During the systenmtestphasepnemay con-
duct varioustypesof testssuchasreliability growth test,
regressiontest, and featuretest. We focus on reliability
growth test.

Now supposehatatestmanageis givenafailureinten-
sity objectve  that mustbe metby a deadline . Sup-
posealsothatat sometime the failure intensity of
the productundertestis . Underthis scenario,
thefollowing two questionsareof interestto us.

Is there a needto alter the parametes of the
testprocessothattheobjectiveis metby  ?

If the answerto the above questionis in the
af rmative thenwhatchanges,in quantitative
terms,shouldbe madeto the testprocessin

order for the objectiveto bemet?

An answetto the questionsabove hasbeenproposedis-
ing astatevariableapproacltjl]. Thisapproactallowedthe
developmenbf a rst orderlinearmodelof the systemtest
phasethatis usedduringthetestprocesgo obtainanswers



to thetwo questionsabove. With respecto this statemodel,
our interestis in obtainingan answerto the following two
guestions.

Disturbancemodeling:How doesonemodel
quantitativelythedisturbanceshatcanaffect
the corvergenceof the testprocesgo the ob-
jective?

Impactof disturbances:How doesa distur-
banceeffect the corvergenceof the testpro-
cesstowardsthefailure intensityobjective?

1.2 Problem context

Theuseof feedbaclkcontrolduringthe STPis illustratedin
Figurel. The gure shows four key componentshat par
ticipatein thecontrolprocessThesearetheActual STP
which consistsof the testengineerstools, documentation,
etc.,a State Model of the STPwhichis Model S, a
Controller , andthetest manager. The manage-
mentdecideshow mary testersto employ to testthe prod-
uct. Thisnumbeiis theinitial valueof . Thetestmanager
estimatesghe quality of thetestprocess.The compleity
of thesoftwareundertestis computedasa corvex combina-
tion of severalwell known compleity metricssuchasthe
numberof function points, lines of code,andthe number
of data ows [3]. An initial estimateof the failure inten-
sity is madeof the software productreadyto
enterthe testphase. Furthermorewe assumehatto plan
and monitor the progressof the STR the testmanagerdi-
videstheentirephasédnto a sequencef checkpoints
denotedbycp cp cp withcp beingthe rst check-
point aftertestinghasbegunandcp thedeadline.There-
alizationof thefailureintensityobjectiveis distributedover
thesecheckpoints. Thus, checkpointcp is speci ed asa
pair ( ), where is sometime prior to thedeadlineand

is the desiredfailure intensity of the productat check-
pointcp .

At checkpointcp ,  of theproductis estimated
andcomparedigainstheexpected computedythestate
model. The errorsignal is inputto a con-
troller. Usingthiserrorsignal, , ,and ,thecontroller
computes setof possiblechanges and thatcould
bemadeto  and , respectiely, in orderfor the STPto
meetthereliability objective on or beforethedeadline. The
computedchangesare madeavailable to the testmanager
who may or may not chooseto ignorethem. ThoughFig-
urel givestheimpressiorthatonly a singlepair ( and

) of valuesis outputby thecontroller, in reality thecon-
troller outputsa nite setof suchpairsfrom which the test
manageicould select. The STPresumeswith a workforce
of ( ) anda procesgquality of ( ), where
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Figure 1. Closed loop contr ol of the software
test process using reliability measurements.

is the estimate of the failure intensity at
checkpoint cp . is the expected failure
intensity of the product computed by Model
S at checkpoint cp .

and denotethe actualchangesnadeby the test
manager

The STP model and the controller cooperateto form
a feedbackcontrol loop. Unforeseendisturbancesn the
STPareaccountedor by updatingestimateof the model
parameters.The control loop offers the test managerop-
portunitiesto make alterationsto the STP at ary check-
point. Thesealterationscould comein mary formssuchas
achangein the numberof testersjn the quality of thetest
processjn thetestobjectvesthemseles,or any combina-
tion of these. Thusthe inherentuncertaintyand the vari-
ability of the STPis accountedor in the feedbackcontrol
loop.

Theremaindeof this papelis organizedasfollows. Sec-
tion 2 providesanoverview of thestatemodelthatsenesas
thebasisfor studyingtheimpactof disturbancesnthecon-
vergenceof the failure intensity The mathematicaback-
groundrequiredfor a completeunderstandin@f the mate-
rial in this paperis beyond the scopeof this paperandis
foundin standardexts on automatiaccontrol[4, 5]. Thedef-
initions of differenttypesof input signals,unforeseerper
turbationgn Model S, andtheircorrelationto theSTPare
providedin Section3. Theresultsof stimulatingModel S
with impulse, pulse, step,and white noiseinputs are pre-
sentedin Section4 andanalyzedin Section5. Section6
summarizeshis work.

2 Review of State Model of the STP!

A linear model of the STPis basedon threeassumptions
presentedbelon [3]. Theseassumptionsare basedon an
analogyof the STPwith the physicalprocesaypi ed by a

1sectionmostly extractedfrom authors previouswork [1].



spring-mass-dashpst/stemandthe predatofprey system.
A completedescriptiorandjusti cation of thisanalogyand
thechoiceof alinearmodelis outsidethe scopeof this pa-
perandis foundelsavhere[3]

The widespreaduse of differential equationsto model
mary differenttypesof systemg$5, 6] combinedwith the
factthatmostof suchmodelsweredevelopedusinganalo-
gies to physical systemswith assumptionssimilar[7, 8]
to oursfurther justify the choiceof a secondorderlinear
model.

Assumption 1: The magnitudeof the rate of decreasef
failureintensityof a softwareproductis proportionalto the
net appliedeffort during the testphaseand inverselypro-
portionalto the complexity of the product.

— (1)

The rst assumptioralsofollows from the obsenation
that complex programsrequire more testeffort thanrela-
tively simplerprogramdor approximatelyjthe samereduc-
tion in their respectie failure intensities. While the value
of thefaultexposureratio (FER)de nedin [9] doesplay an
importantrole in how the failureintensity changeswe be-
lieve that FER itself is a function of the quality of the test
procesandneednotbetreatedasanindependenparameter
in themodel.For example atestprocesshatusesadvanced
methoddor testgenerationsuchasthosethatusecoverage
measuremertbols, is likely to leadto a higherfault expo-
sureratio, thanonethatusesonly black-boxfunctionaltest-
ing for the generatiorof tests. Justi cation for our belief
comesrom datapresentedn earlierwork[10].

The netappliedeffort () is the balanceof all the ef-
fort appliedduringthetestphase This resultsfrom the dif-
ferenceof the effective effort appliedby the testteammi-
nusary “frictional” forcesthatdecreas¢he appliedeffort.
Since representgailure intensity its rst derivative is
thefailure intensityreductionvelocity (). Consequently

, which denotegthe rate of changeof , is an accelera-
tion. Thus,the conceptof velocity andacceleratiorhave
counterpartén thetestphase.

Assumption 2: The magnitudeof the effective testeffort
is proportionalto the productof appliedwork forceandthe
failureintensity i.e., for anappropriated .

(2)

where —. Parameter dependn the software

projectcharacteristicendwill have the values:i-

for an organic mode project; ii- for an semi-

detacedmodeprojectand; iii- for anembedded
modeproject. This classi cationandthe respectie values

were de ned and empirically validatedfor the COCOMO
model [11].

Assumption2 canbe understoodvith anotheranalogy
In a springthe restoringforce is determinedoy the spring
stiffnessandby how muchthespringis extendedeyondits
naturallength. Increasingthe springstiffnessor the exten-
sionincreaseshe restoringforce. The effective testeffort
canbeinterpretedn ananalogousvay. Thefailure inten-
sity is analogougo the springlength. At the beginning of
thetestphase is largerthanit is towardsthe end. Hence,
theeffectiveeffort decreaseas decreasesThework force
canbe relatedto the springstiffness. The larger the work
force, the greaterthe restoringforce, i.e., the effective ef-
fort. Thus spring stiffnessis analogougo and spring
extensionto failureintensity( ). In Eqn.2, remainscon-
stantover a period and mustbe calibratedfor the project
underanalysis.

Assumption 3; The resistancdo a decreasén the failure
intensityopposesis proportionalto the the velocity of fail-
ureintensity andinverselyproportionalto the overall qual-
ity of thetestphasefor anappropriateconstant .

- ®3)

This assumptionimplies that the fasterone tries to re-
ducethe failure intensity the more likely oneis to make
mistales leadingto possibleslowvdown in the overall test
processA physicaldashpotanbe usedto explainthis be-
havior. The coefcient of viscosityof theliquid insidethe
dashpotis —. Therefore,a small coefcient of viscosityis
analogougo a carefully conductedestphaseandthusthe
numberof new errorsinsertedis small. Larger coefcient
of viscosity is analogoudo the test phasein which more
errorsareintroducedthanwould be introducedundernor-
mal circumstancesThe velocity componentn thedashpot
is analogougo the failure intensityreductionvelocity ( ).
Thus,the overall quality of the testphase denotedby ( ),
andthe rate at which failure intensityis decreasingdeter
minesthefailureintensityreductionresistanceffort which
is analogouso thedampingforcegeneratedy thedashpot.
In Egn.3, is merelyaconstanbf proportionality

CombiningEgs.1, 2, and3 in aforce balanceequation
( ) andorganizingit in a statevariable

format( ) leadsto the following systemof
equations.
- B 4)
(5)
Model S shown in Figurel consistsof Egs.4 and5. A

solutionto theseequationswith appropriateestimatesof



parametewvalues,generates in Figurel. Usingthe
relationshipn Eq. 6, onecomputes

(6)
2.1 Estimation of model parameters

is relatively easyto computeasit is de ned to be
the numberof testergsestingthe product. The value of
mustbe adjustedfor ary part-timeandtemporaryperson-
nel. Parameters and arecomputedby applyinga con-
vex combinatior{12] of available metrics. The remaining
parameterareestimatedhroughthe useof Systemldenti-
cation [13] technique$14]. An importantcharacteristiof
our approachs thatestimate®f all parametersareupdated
at eachcheckpointtherebyimproving their accurag with
the passagef time. Changesn the testervironment,such
asin theworkforceandthequality of theSTR areaccounted
for asandwhenthey occur[14]

2.2 Computing and

In a feedbackcontrol system,the largesteigervalue of
the systemdetermineghe slowestrate of corvergenceand
dominateshow fastthe outputvariablescorverge to their
desiredvalues.Thereforejn orderto control sothatit
reachests desiredvalueby thedeadline , we mustadjust
the largesteigervalueappropriately Given , the fail-
ureintensityattime , and , thedesiredfailure
intensityattime  later, we usethefollowing equationto
determineghe amountby which to adjustthe largesteigen-
value 2

()
We know the valuesof , and atcheck-
point cp and hencewe solve Eq. 7 and nd the

value of The eigervaluesof a systemare de ned
by the roots of the characteristicpolynomial (

). Computingthe characteristigpolynomial
of ourmodelleads

— (8)

where and . UsingEqg.8 we
computethe variationsin the work force andin the quality
of the procesmecessaryo meetthe desiredquality objec-
tive by thedeadline.

2Thesymbol is usedin mathliteratureto representhe eigevaluesof
asystem. is alsousedin the Software Reliability to represenfailurein-
tensity To avoid confusionandkeepuniformity with Software Reliability
standardsve decidedjn this papey to representhe eigevaluesof system
by thesymbol .

3 Modeling UnforeseerPerturbations
3.1 Disturbances

It is assumedhat at the startof the reliability growth test-
ing, atestmanageis givenafailure intensityobjective for

the end productand the deadlineby which this objectie

mustbe met. We usefailure intensity asthe failure inten-

sity objective; thereliability itself canbe computedirectly

from the failureintensity[9] A modelto helpthetestman-
ager control the reliability growth testing using feedback
hasbeenproposed1] andis summarizedn Eqn.4 and5.

In this model,the sizeof thetestteam( ) andthequality

of the testprocesy ) arethe two control variablesavail-

able for manipulationby the test managerto control the

progres®of thesystemestphaseowardsthe desiredobjec-
tive. However, the systemtestprocesss subjectto various
disturbanceslescribedn thefollowing section.

3.2 Modeling disturbances

Inputsignalsare,in generalusedo drive asystenfrom one
stateto another The parameters and  arethedriving
forcesof the statevariablemodelfor the STR Eqn.4 indi-
catesthat theseparametersre not part of the input. The
useof or asaninputwouldplacethesystemn anon-
linearspaceamakingit dif cult to applythetechniquegrom
controltheoryandproducinga relatively dif cult to under
standmodel.Furthermorechangesn  and areusually
notasfrequentasaretheunforeseemerturbationsnodeled
by . This obsenationfurtherjusti es the applicationof
parametriccontrolandtheuseof  astheinputsignalfor
Model R

Any function canbe usedto specifytheinput signal. A
squareor sinusoidalvaive with differentfrequenciesanex-
ponentiallyshapedanda constanwalueinput areafew ex-
amples. Thoughall typesof signalsare of someconcern
to the STR in this work, we focuson four differenttypes
of input signalspresentedn Figure2. Therelationshipbe-
tweenthesefour input signalsandactualeventsin the STP
is describedext.

3.3 Impulseinput

An impulseinput is an instantaneoustimulusto a system
to drive it from state  to state . This stimulusis rep-
resentednathematicallyby a Dirac deltafunctionthat dif-
fersfrom zerofor aninstantbut whoseintegral overtime is
unity. Egn.9 andFigure2 are,respectrely, amathematical
anda pictorial representationsf animpulse.

The questionof interestto usis: “What disturbancen
an STP can be modeledreasonablyby an impulse?” A
hardwarefailure dueto power outageprior to the overnight
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Example: Fd modeled as the replacem
of a component of the system
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""" Example: Fd modeled as the time to
H migrate the system from the
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Fd Step Input

Example: Fd modeled as an increase
in the communication level of the
e test team for the remaining period

Fd White Noise Input

Example: Fd modeled as a combination
of unforeseen perturbations that
occur during the STP

| Time

Figure 2. Diff erent types of inputs to represent
unforeseen perturbations in a STP.

backupthat causeghe loss of important les for oneday,
seemgo beareasonablélisturbancd¢o bemodelby anim-
pulse. Supposehat at the beginning of the day the fail-
ureintensityis andatthe endof the day; prior
to the power outage,the failure intensity is

for . An instantaneoustimulusdueto the paNer
outagewill dnve the systemfrom state to

Another example of an impulse input for the STP is
the replacementof a pre-testedcomponentof the soft-
ware productby a different, though supposediyfunction-
ally equialent,component.Suchreplacementnay occur
dueto aneedto improvethe performancef theapplication
undertest. Asumingthat mostdefectsin the old compo-
nenthave beenremoved,this replacementywhich senesas
an instantaneoustimulus, will likely increasethe failure
intensity from the currentlevel to a higher
level , Where is an estimateof
the failure intensity of the new component.Onemight ar
guethatthe new componentnay be morereliablethanthe
oneit replaced.However, we assumehatthis is not likely
sinceboth componentsvere developedundersimilar cir-
cumstanceandthe seconccomponenhadto meetthe per
formancerequirementsThereforejn this case we needto
computethe input
from to
tion addressethisissue.In theremainderof this paperwe
usethe scenarioof this secondexampleasthe causeof an

in Egn. 4 thatwill drive the system
. Thenext subsec-

impulseinputsignaldisturbingthe process.

Computing the responsdo an impulse input

The generalformat of an impulse input is presentedn
Eqgn. 9. Sincethe valuesof the Dirac-deltafunction are
known, we needto computethe vector of
coefcients of

(9)

where is the Dirac-deltafunctionand is the

deriative of

Theorem 1 (Characterization of the Solution)[6]: Forthe
time invariantsystemdynamics andagiven

, supposethat the input assumeghe format as de-
scribedin Eqn. 9. Let be the
controllability matrix. Then

(10)

Theoreml relates to the valuesof

and , andthe controllability matrix , but it doesnot
asserthe existenceof the vector . The exis-
tenceof asolutionis addresseh thefollowing corollary.

Corollary [6]: Let be . For
each , thereexistsa uniqueimpulseinput, de ned in
Eqgn.9, which will drive the to if andonly if

The MATLAB functionin Figure 3 is usedto compute
thevectorof coefcients for theimpulseinputfor
thesystemdescribedn Section2.

function ret = Comp_lmpulse(sc,zeta,wf,

b,chi,gamma,x0 xl)

Al1) =0; A12 =1;
A(2,1) = -(wf*zeta)/(sc™(1+h))
A(2,2) = -(chi)/(sc*gamma)

B =1 0 1l/sc];

D = [0];

C=[10]

sys = ss(A,B,C,D)

Q = ctrb(sys)

X =x1 - x0 ;

ret = pinv(Q)*X
return

Figure 3. MATLAB function for the computa-
tion of that composes the impulse
input to drive the system from state to



3.4 Pulseinput

The differencebetweenan impulse and a pulse signal is
their respectie durations.Whereas is a nite non-zero
guantityfor a pulse,it tendsto O for animpulse. The fre-
gueny of a pulsemight alsovary. Thoughthe studyof the
responsef Model R to pulsesof differentfrequenciess
animportantexercise,we focuson a single pulseof x ed
length.

A pulsemay be usedto model an unexpectedone-half
day training sessiorfor the entire or part of the testteam.
In this case the disturbancds assumederoprior to time

, i.e. beforethe start of the training session.
assumes positive non-zerovalueat . This value of
is keptconstanbverthe entiredurationof thetrainingafter
which  is resetto zero. The structureof a single pulse
inputsignalis depictedn Figure2.

Anotherexampleof a disturbancehatis modeledasa
pulseis the migration of the productfrom the developers
ervironmentto the users ervironment.Supposefor exam-
ple, thatthe migrationperiodis oneweek. Thetestprocess
doesnotprogresshile the systemis undermigrationanda
pulseis anappropriatanodelfor this delay Thedifference
betweerthis exampleandthetrainingsessioris in the side
effectsrelatedto the users ervironment. Thatis, the esti-
matedfailure intensitywill mostlikely increasewhenthe
productis testedn theusers ervironment.

3.5 Stepinput

A stepinputis a pulsewith anin nite width. In our study
a stepinputis modeledby setting  to zeroprior to some
time andsettingit to someconstant soonafter

A stepinputis shovn in Figure2.

One disturbancein STP that can be modeledusing a
stepinput is the increasein the communicationand doc-
umentationlevel due to the replacementf the test man-
ager Assumethatthe new testmanagerequiresadditional
regular meetingsand demandsmore effort in collecting
dataand documentinghe process.Thoughthesechanges
may increasethe overall quality of the processthey may
alsoslow it down. Thereis a tradeof in how much can
communicatiorand documentatiorincreasewithout slow-
ing down the process. In this casewe assumean over

communication/documeation resultingin deceleration.

3.6 White noise

White noiseis arandominput signalthatnever repeatsaand
hasa at frequeng spectrumUsually, thereis alargenum-
ber of sourcesf disturbancesn a STR A combinationof
disturbancegeneratedtby thesesourcess modelecaswhite
noise.Sourceof disturbancethatareassumedo combine

into awhite noiseincludepersonaproblemssuchasiliness,
software/hardvare problemsrelatedto the ervironmentin
which the testis being conductedand a fatal failure of a
critical hardwarecomponent.Theseproblemsmay or may
notoccurandthereis no easyway to predictthe frequeny
or intensityof ary of themor their combination.Therefore,
a randomsignal (white noise)seemsto be an appropriate
modelof suchunforeseeperturbationsn the STR

4 Results

Impulse Input
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90 = impulse input disturbance at t=50 H
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Figure 4. Effect of an impulse input on the
failure intensity of a software product. The
impulse is modeled so as to cause a 5% in-
crease in at the time of occurrence . The
impulse occur s at the TADs specied earlier.

The impact of various disturbanceson the corvergence
of the failure intensity was studiedby setting  in
Model R to appropriatevaluesandsolvingthe modelfor
. The impactwas studiedin isolationfor eachof the
four input types, namelyimpulse, pulse, step, and white
noise. Eachinput was applied (i) early in the test pro-
cess (i) somavherein the middle of the testprocessand
(iii) closeto the endof the testprocess. This variationin
the time of the applicationof the input allows usto deter
minethedifferencesn dueto thedifferenttimeswhen
thedisturbanceactuallyoccurduringthe STR As theterms
“early”, “somewherein themiddle”, and“closeto theend”
arefuzzy, we arbitrarily setthetimes(in days)atwhich the
disturbances appliedto . Wereferto thesethree
timesas“time of the applicationof a disturbance’or, sim-
ply, TADs.
Unlessstatedotherwise, the following parameterval-
uesare assumedluring the computations:the workforce
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Figure 5. Effect of a pulse input on the fail-
ure intensity . The pulse is applied at diff erent
TADs. The input at each TAD are equiv alent
to, respectivel vy, , and

. The duration of each pulse is 8
days.

, quality of the testprocess , comple-
ity of the applicationundertest , model parame-
ters , , and . The parametewval-

ueshave beenselectedarbitrarily andkept constantin this
study Thedesiredreductionin the failureintensityis mea-
suredin termsof percentof the initial value, exactvalues
of thefailureintensityarenot of concernin this study It is
assumedhatthe testmanageis interestedn reducingthe
failureintensityto 5% of itsinitial value.Thus,for example,
if failures/daythen failure perday,
where denoteghedeadlineby whichthesystentestis to
becompleted.

4.1 Impulse input

An impulseinput models,for example,the replacemenbf
an alreadytestedcomponentiy an untestedone. We as-
sumethat sucha replacementausesan increaseof 5% in
soonafterthe disturbanceoccurs. Eqn. 9 is a precise
model of the impulseinput. To obtain the value of
in responsdo the impulseinput we needto computethe
vector to drive the systemfrom its currentstate
to . Comput-
ing thesevaluesusingthe scriptfrom Figure3 resultsin the

following impulseinputsfor

Figure4 shaws the effectsof variousimpulseinputson
. As obsened from this gure, the expectedtime to
reduce  to5% of thevalueatthestartof thetestprocess
is 107 days.However, whenanimpulseoccursattime
thedesiredreductiontakesplacewith a delayof 5 days.
Thecorrespondinglelaysin thereductionof to 5% of
its initial valueare,respectiely, 12 and28 days,for
and

Constant Pulse Input

100

T T
11+ no disturbance

z = pulse input disturbance at t=10
90~ += pulse input disturbance at t=50 |
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Figure 6. Results of the perturbation of the
systems by an pulse input signal at TADs.
The input signal generated is equivalent to

for all the three time instances and it
persists for 8 days.

4.2 Pulseinput

Two examplesof disturbancesn STPthatcanbe modeled
by a pulsearepresentedn Section3.4. Next we determine
theimpactof thesedisturbancesn . As shawvn in Fig-
ureb, atrainingperiodof 8 daysfor the entiretestteamde-
laysthe progresf thetestprocesdy the samenumberof
days.Thevalueof is computedoy generatinganequi-
alent,thoughopposite force to the effective testeffort
ie., .
Noticethattheabsolutevalueof  is notaconstantputits
relative valueis proportionalto the valueof

Unlike the behavior exhibitedin Figure5, the valuesof

in Figure6 remainconstanbver a periodof 8 days.For



thethreetimeinstancesised,
lentof ,l.e.,

Therefore,the absolutevalue of is the
samefor the three periods and the respectie delaysto
achiese the samegoalare9, 21 and44 daysasis obsened
from Figure6.

is computedastheequiva-

4.3 Stepinput

An increasén the communicatioroverheadanddocumen-
tationis modeledasa stepinput. The stepinputis applied
to the STP at TADs speci ed earlier Two differentways
are usedto to generatethe stepinput. The rst way rep-
resentsaanincreasan communicatiorequivalentto 60% of
the effective testeffort, i.e.,

and is named“proportional
step” The effects of this stepinput on areshawn in
Figure7 wheredelaysof 43, 33,and 16 daysareobsened,
respectiely, for thethreeTADs.

Proportional Step Input
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Figure 7. Results of the perturbation of the
systems by an step input signal at TADs.
The input signals for these time instances are
equiv alent to , and ,
respectivel y.

The secondway to generatehe stepinput is to usean
absolutestepinput. In thiscase, is computedasaforce
equivalentto 15% of the effective testeffort at time

, e,

. Theeffectsof stepinputon areshownin

Figure8.
4.4 White noiseinput

We model white noise by setting
. Parameter is

Constant Step Input
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11+ no disturbance
< = step input disturbance at t=10

90 = = step input disturbance at t=50 -
g — step input disturbance at t=90
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Figure 8. Results of the perturbation of the
systems by an step input signal at TADs. The
input signal generated is equiv alent to

for all the three time instances and it persists
for the remaining period.

distributednormallyovertherange . Themeanvalue
of  uctuatesaroundl with a standarddeviation of ap-
proximately0.4 for eachof the threecases.The effectsof
applyingawhite noiseat TADs areshawn in Figure9. The
delaysassociateavith eachof thethreecasess 60,47,and
24, respectiely.

5 Analysis

We now analysethe resultspresentecabove. Of primary
concerris thedelayassociatewvith eachtypeof input. Any

sideeffectsassociateavith theinputsignalarealsoconsid-
ered. The delaysdueto variousdisturbancesre summa-
rizedin Table5.

Impulse input

We obsenre from Figure 4 that the impact of an impulse
input that drives at to

increasesvith the TAD. To explain why supposehatcom-
ponent is replacedby component . Duringtheearly
phaseof thetestcycleit is likely that  andits interface
with the other componentshasnot beentested. Thus, it
is reasonabléo assumehatthe changen failure intensity
dueto thereplacemendf by  will beonly dueto the
possiblypoorqualityof  leadingto a 5% increasen the
failure. However, laterin the processadditionaltestinghas
occurredandthefailureintensityof theapplicationis likely
to be muchlessthanwhatit was during the early part of
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Figure 9. Effects of white noise on the fail-
ure intensity . , Where is
distrib uted normall y over

thetestcycle. Thus,relacemenatthis time causes larger
increasen the failure intensityandis dueto failuresasso-
ciatedwith  andwith theinterfacesbetween andthe
remaindeiof the system.

Figure10shavsthedelayin the convergenceof thefail-
ure intensityto its desiredvaluewhich is 5% of its initial
value. The delayincreasesvith the time at which the im-
pulseis applied. Eventuallythe failure intensity doescon-
vergeto its desiredvalueasin Figure10(a). Replacemenf
acomponentvhen is closeto zeroleadsto anincrease
in . Thetimeto get backto its valueprevailing just
beforethisincreases nearlyconstanaindexplainstheeven-
tual corvergencen Figure10(a). Thelaterthereplacement
of a componenthe largerthe interfacefailuresintroduced
leadingto the overshootbehaior in Figure 10(b). Similar
argumenfusti es the stabilizationof thedelay

Pulseinput

As pointedoutearlier thepulseis representeih two dif-
ferentways. Thedelaydueto proportionalpulseinputdoes
not changewith TAD. To explain why, supposéhat such
disturbances dueto atraining periodof 8 daysfor theen-
tire testteam. The trainingwill likely delaythe procesdy
the samenumberof daysbut will notincreaseor decrease
thefailureintensity Thereforethetimewhenit occursdoes
notimposeary sideeffect on thetestprocessascanbe no-
ticedfrom Figure5. Notethattrainingwill likely increase
thequality of thetestprocesg ) andthusspeedipthecon-
vergenceof to its desiredvalue.However, in this study
weretain to its original valueandhencethe proportional

Table 1. Delay, measured in “days”, in the
convergence of the failure intensity to 5% of
its initial value. The disturbances occur at
times . The expected time for
convergence without any disturbance is 107
days.

Typeof Delay
Disturbance
Impulse 5 12 28
ProportionalPulse 9 9 9
ConstanPulse 9 21 44
ProportionalStep 43 33 16
ConstantStep 73 73 73
White Noise 60 47 24

pulsecausesa constantdelay regardlessof the time of its
occurrencen the STR

Theconstanpulseinputis relatedio themigrationof the
systenfrom thetestervironmentto theusers environment.
In our studywe assumed total of 8 daysfor themigration.
As seenin Table5, thedelayin corvergences affectedby
TAD. Thisis dueto the sideeffectsduring migration. Dur-
ing migration,at the beginning of the testprocessmostof
thefeaturegelatedto the environmenthave not beentested
andhencethe delayin the completionof thetestis propor
tional to the migrationtime, which is 8 daysin this case.
If the migrationoccursin the middle of the processi.e. at

, someof theenvironmentfeatureshave alreadybeen
testedandanincreasen resultsdueto thedifferencede-
tweenthe two ervironmentsthat exist beforeandafterthe
migration. This increasein  resultsin anincreasen the
delayasnoticedin Figure6. Any increasén is consid-
eredanovershoobecauseve assuméhatthe migrationper
sedoesnotaffect .

A behaior similar to the one presentedy the impulse
inputin Figure10is obsenedin Figurell. Thedelayin-
creasewvith TAD until it stabilizesat a certainlevel asde-
pictedin Figure11(a). Figure 11(b) is the counterparbf
Figure10(b)for theimpulseinput. The differencesarenot
in the shapeof the curve, but in the values. The delaysfor
theimpulseandpulseinputsstabilizeat 158 and 187 days,
respectrely. Also, the overshootassociatedvith the pulse
reachesa maximumvalueof 15.62,almost vetimeslarger
thanthe overshootof 3.29for the impulseinput. This be-
havior is consistentvith what onemight expectandis due
tothelongerpersistencef the pulsewhencomparedo that
of animpulseinput.
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Figure 10. (a)-Delay associated with an im-
pulse input stimulating the system at a cer-
tain time . (b)-Overshoot associated with an
impulse input stimulating the system at a cer-
tain time

Stepinput

In ourstudythestepinputmodelsanincreasen thecom-
municationoverheadFor the proportionalstepinput,
assumeavalueproportionako andin icts alarge
delaywhenit occursearlyin the procesdecausét persists
throughouthe STP. The delayassociatedvith a stepinput
startsat 43 dayseven thoughthe input occursat
The delaydecreaseto 33 and16 days,respectrely, when
the stepinput occursat and Figure 12
shavsthedecreasén cornvergenceadelayasTAD movesto-
wardsthe end of the STR We are aware of the tradeof in
increasecommunicatiorandherewe considerthe level of
communicatiorhascrossedhe borderof beingbene cial.
Thereis no overshootdueto a stepinput asonewould not
expectary increasen thefailureintensitydueto anincrease
in communicatioroverhead.

A saturatioreffect canbe obsenedin Figure8 whenthe
stepinput assumes constantvalue. Thereis no condition
linkedto theincreasef thecommunicatiorevel thatwould
leadto a saturationin thetestprocesslt is well known that
suchbehaior is relatedto the criteriausedandthe quality
of thetestprocesslt is inappropriateéo modelthe commu-
nicationoverheadisinga constanvaluestepinput.

White noiseinput
Figure9 shows thatthe delayassociatedvith TAD of a

white noiseinput rangesfrom 0 to 2 timesthe valueof the
effectivetesteffort. As expectedthe earlierthe noisestarts
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Figure 11. (a)-Delay associated with a pulse
input stim ulating the system at a certain time
. (b)-Over shoot associated with a pulse input
stim ulating the system at a certain time

thelongerthe delay Thedelayis 60 dayswhenthe noise
signalis appliedat anddropsto 47 and 24 days,
respectrely, for and . However, we believe
thatthe disturbancet¢hatcanbe modeledaswhite noiseare
moreprevalentduringthe early partof the STPthanduring
its laterpart. Thereforethefrequeng of thenoiseseemdo
beamoreinterestingparameteto consider

Figure13 shavs the delayassociatedvith a white noise
input appliedstartingalwaysat the startof the STP The x-
axisrepresenthiow frequentlythe disturbancanodeledby
the white noiseoccursandrangesfrom 0 to 1, i.e., from
0%to 100%. As before,the valueof the noiseis computed
as , for rangingfrom O to 2. As
obsenedfrom Figure 13, the delayincreasesith the fre-
gueng of the white noiseinput. This behaior appeardo
be consistentvith reality.

6 Summary

A studywasundertalento examinethe impactof various
typesof disturbanceshat might occurduringa systemtest
phaseonthecorvergenceof thefailureintensityof theprod-
uctundertest. Disturbancesremodeledasimpulse,pulse,
step,and white noiseinputsto the STP Theseinputsare
then appliedto a statemodel of the STR, proposedn an
earlierwork, andthe effect obsened on the failure inten-
sity. Resultscon rm the commonlyobsened phenomenon
thatthe delayin the corvergenceof thefailure intensityto
its desiredvalue dependson the type of the input andits
time of occurrenceThe useof the statemodelassistn the



I
0 20 40 60 80

100 120

step time

Figure 12. Delay associated with a step input
stim ulating the system at time

guanti cation of the delays. The studywas conductecby
isolatingvarioustypesof disturbancesThis allowed usto
individually studythe impactof eachtype of input on the
convergenceof thefailureintensity
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